I N T R O D U C T I O N
The firing rate of motoneurons (Mns) driving eye movements and fixations has been characterized in alert preparation (de la Cruz et al. 1989; Delgado-García et al. 1986; Fuchs et al. 1988; Pastor et al. 1991; Stahl and Simpson 1995; Sylvestre and Cullen 1999) . The beginning of firing is correlated with a particular eye position. Above this threshold, the Mns discharge at a steady tonic rate that increases linearly with eye position (fixation) in the on-direction, which corresponds to the pulling direction of the muscle that the Mn innervates. The slope of this relationship (K) indicates the eye-position sensitivity. The recruitment threshold and K vary from Mn to Mn, distributing over a large range that ensures a fine gradation of force and stable generation of eye position to prevent eye drift and misalignment. Studies in alert preparation have demonstrated a covariation between recruitment threshold and K: Mns with higher threshold have greater K (de la Cruz et al. 1989; Delgado-García et al. 1986; Fuchs et al. 1988; Pastor et al. 1991) . The recruitment threshold of the ocular Mns could depend on intrinsic membrane properties and/or synaptic inputs (Dean 1997) . Using in vitro preparation, we have recently found Mns whose phasic-tonic firing pattern resembles that in alert preparation and demonstrated an inverse relationship between Mn threshold and tonic firing gain. According to these findings, we have ruled out intrinsic membrane properties as being the sole mechanism supporting the covariation between recruitment threshold and K reported in alert studies (NietoGonzalez et al. 2007 ). Our proposal is in agreement with the suggestion that synaptic inputs are determinant in establishing the recruitment threshold in ocular Mns (Hazel et al. 2002; Pastor and Gonzalez-Forero 2003) . The first aim of this work was to investigate the hypothesis that synaptic inputs play a key role in determining the recruitment threshold and firing rate gain in oculomotor nucleus Mns.
Recent studies in the gracilis nucleus have demonstrated that carbachol, an agonist of cholinergic receptors, reduces the current threshold for spike generation by about 50% and increases the number of spikes by about 100% in response to identical depolarizing current pulses (Fernández de Sevilla et al. 2006) . It has been suggested that cholinergic inputs in the hypoglossal Mns contribute to the maintenance of the upper dilator muscle activity in awake animals (Chamberlin et al. 2002) . Neurons of some brain stem nuclei encoding eye-and head-position signals-the medial vestibular nucleus and prepositus hypoglossi nucleus-respond to carbachol with membrane potential depolarization and the evoking of action potentials (Navarro-López et al. 2004; Sun et al. 2002) . In the prepositus hypoglossi nucleus, a cholinergic synaptically triggered event participates in the generation of the persistent activity (Navarro-López et al. 2004) , which is characteristic of the neurons carrying eye-position signals. Microinjections of cholinergic antagonists in the prepositus hypoglossi nucleus of alert behaving cats evoked a gaze-holding deficit consisting of a recentering drift of the eye after each saccade. Anatomical data in monkeys (Carpenter et al. 1992) , combining retrograde labeling of neurons and acetylcholine transferase immunohistochemistry (ChAT), have demonstrated that a moderate number of cholinergic neurons located in the caudal region of the medial vestibular nucleus project to the oculomotor nucleus, as do cholinergic neurons in the paragigantocellular reticular area. Fibers showing bouton-like structures positive for ChAT and vesicular acetylcholine transporter have been reported in the neuropil of the oculomotor nucleus (Hellström et al. 2003; Ichikawa and Shimizu 1998) . In view of these findings, we ask whether cholinergic synaptic inputs exert, via muscarinic and/or nicotinic receptors, an influence on recruitment threshold and firing rate gain in oculomotor nucleus Mns.
M E T H O D S

Surgery and solutions
Experiments were carried out in juvenile Wistar rats (20 -30 days old) of both sexes. The experiments were performed in accord with Directive 86/609/CEE of the European Community Council, the Spanish Real Decreto 223/1988, and Seville University regulations on laboratory animal care. Rats were anesthetized with sodium pentobarbital (50 mg kg Ϫ1 ) and quickly decapitated. The methods to obtain the slices, recordings, and analysis are fully detailed elsewhere (Carrascal et al. 2006; Nieto-Gonzalez et al. 2007 ). In brief, brain slices of 300 m including the oculomotor nucleus were first incubated in a chamber containing cold sucrose-artificial cerebrospinal fluid (ACSF) for 35-45 min and then transferred to a second chamber containing ACSF at a temperature of 21 Ϯ 1°C. Single slices were transferred to the recording chamber and superfused at 2 mL/min (Harvard, MPII) with ACSF bubbled with 95% O 2 -5% CO 2 (pH 7.4; 21 Ϯ 1°C). The composition of ACSF was as follows (in mM): 126 NaCl, 2 KCl, 1.25 Na 2 HPO 4 , 26 NaHCO 3 , 10 glucose, 2 MgSO 4 , and 2 CaCl 2 . For sucrose-ACSF solution, the 126 NaCl was substituted by 240 sucrose.
The drugs (all from Sigma-Aldrich) used in this study, dissolved in distilled water for stock solution and stored frozen at Ϫ20°C, were as follows: carbamylcholine chloride (carbachol, 10 mM), muscarine chloride (10 mM), atropine sulfate (10 mM), pirenzepine dihydrochloride (10 mM), methoctramine (10 mM), 1,1-dimethyl-4-phenylpiperazinium iodide (DMPP, 10 mM), and tetrodotoxin (TTX, 1 mM). These drugs were diluted in the ACSF at different concentrations (see RESULTS), maintained at the same temperature and pH as those of ACSF. The time taken to completely exchange the recording chamber was about 50 s and bath application of drugs was always for Ͼ2 min. When drug responses were compared after repeated exposures or another drug application, the length of application was kept constant. Drugs were usually applied to only one Mn per slice; if it was necessary to apply more than one drug, the slice was washed with ACSF solution for Ͼ20 min .
Electrophysiological recordings and data analysis
All recorded neurons were identified as Mns by their antidromic activation from the root of the third nerve and by the collision test (for details see Fig. 1 in Carrascal et al. 2006) . The micropipettes used for recordings were filled with a 3 M KCl (40-70 M⍀) solution. Monosynaptic potentials were elicited by stimulating the region of the medial longitudinal fasciculus close to the boundaries of the oculomotor nucleus. Metallic bipolar microelectrodes (tips ϳ300 m apart) were constructed of 25-m-diameter stainless steel wire insulated in glass micropipettes. A cathodal monopulse of 150 s at 2 Hz was used and the current adjusted at subthreshold values. Recordings were stored on videotape (Neuro-Corder, NeuroData Instruments, Delaware Water Gap, PA) and subsequently played back and acquired with a PCI-6070E card (National Instruments, Austin, TX) for off-line analysis. All Mns included for analysis showed a stable resting membrane potential of Ϫ55 mV or more negative, an action potential Ͼ60 mV, and fired repetitively in response to suprathreshold depolarizing current steps of 1 s. With the exception of exposure to TTX, the effects of the pharmacological manipulations were reversible. The data for any given Mn in response to the different drugs were accepted only if the membrane potential and spike amplitude returned to the control value (that obtained when the impaled Mn was checked just before drug application) after a washout period.
We focused our analysis on Mns (n ϭ 54) showing a phasic-tonic discharge in response to suprathreshold current steps (Carrascal et al. 2005; Nieto-Gonzalez et al. 2007 ). The carbachol effects (10 M) on the membrane potential and firing frequency for each Mn were quantified before exposure (control condition), during perfusion, and after washout with ACSF. The carbachol effects on membrane potential were measured by the difference between resting membrane potential and spike threshold at a steady tonic rate. To assess whether the membrane potentials during DC current injection were correct, we routinely monitored bridge balance through the whole experimental session (details in Nunez-Abades et al. 1993) . To determine whether carbachol led to changes in input resistance, TTX (1 M) was added to the extracellular solution to block voltage-gated Na ϩ channels and, thereby, the spikes. The input resistance was determined by passing negative current pulses (0.2 nA, 500 ms, 1 Hz) in the control condition, then applying TTX, and finally in a carbachol-TTX solution. The instantaneous firing frequency was calculated for the whole recording as the reciprocal of the interspike-interval (ISI) duration. The dots in Figs. 1 and 7 plot the instantaneous frequency values sampled at a rate of 1 in 100 (i.e., the frequency of the first ISI, next the frequency of the ISI number 101,. . .), with the exception of pirenzepine exposure and atropine exposure, which were sampled at a rate of 1/50. During repetitive discharge, the afterhyperpolarization (AHP) phase amplitude was measured as the voltage difference between the spike threshold and the most negative value reached during this phase. The AHP duration was calculated as the time spent from when the voltage value in the repolarizing phase reached the level of the spike threshold to the threshold of the next spike. The spike threshold was the value of the membrane potential at which the first derivative surpassed 10 V/s (Carrascal et al. 2006) . The repetitive-firing frequency was evoked by depolarizing current steps (1 s, 0.5 Hz) with 0.1-nA increments. The steadystate firing frequency was the average of the instantaneous frequencies during the last 500 ms of the current step. For each Mn, the relationship between the steady-state firing frequency and injected current was represented (I-F plot) to calculate the slope, termed I-F gain. We defined current threshold as the intensity of stimulating current capable of eliciting maintained repetitive firing at 20 spikes s Ϫ1 (Nieto-Gonzalez et al. 2007 ). All statistical analyses and exponential fits were carried out on the raw data. Significant differences between the Mns before (control) and during bath application of carbachol were determined by using a one-way ANOVA test. The significance level was established at P Ͻ 0.05. All data are reported as means Ϯ SE.
Immunoblotting and immunohistochemistry
Immunohistochemical experiments were carried out to demonstrate the presence of muscarinic receptors (M 1 and M 2 ) in the oculomotor nucleus. The specificity of the antibodies was tested by Western blotting (for details, see Disney et al. 2006) . The recorded brain slices (300 m) were fixed in a solution of 4% formaldehyde in 0.05 M phosphate buffer (pH 7.4) at 4°C and then placed into a solution containing 10% sucrose in phosphate buffer (4 -6 h at 4°C). To facilitate resectioning, slices were transferred to a solution consisting of two parts phosphate buffer saline (PBS) and one part optimum cutting temperature embedding compound (Tissue Tek, Miles Ames Division, Elkhart, IN) for Ն24 h (Johnson and Bywood 1998) . The brain slices were cut in a cryostat (Leica CM1850) at 40-m thickness. Two distinct immunohistochemical procedures were carried out to reveal M 1 and M 2 receptors by bright-field (biotin-conjugated donkey anti-rabbit, Jackson ImmunoResearch) and confocal laser (fluorescein isothiocyanate [FITC]-conjugated goat anti-rabbit, Sigma-Aldrich) microscopy. For bright field, free-floating brain slices were washed in PBS and endogenous peroxidase activity was blocked with ethanol. Sections were incubated for 1 h at room temperature in 3% normal donkey serum and 0.15% Triton X-100 in PBS, and then in the diluted primary antibody (1:100 M 1 ; 1:500 M 2 ) overnight at 4°C. The sections were incubated with biotinylated donkey anti-rabbit IgG (1:2,000; Jackson ImmunoResearch) overnight at 4°C and with the standard avidin-biotinylated peroxidase complex (ABC kit, Vector Laboratories) for 1 h at room temperature. Peroxidase activity was revealed by 0.02% diaminobenzidine with 0.01% H 2 O 2 and enhanced with 0.04% nickel ammonium sulfate. For immunofluoresence, free-floating brain slices were washed in PBS and incubated for 1 h at room temperature in 3% normal goat serum and 0.15% Triton X-100 in PBS. They were incubated with polyclonal primary antibodies raised against M 1 (1:100) or M 2 (1:500) receptors overnight at 4°C and washed in PBS; all sections were incubated with secondary antibody labeled with FITC (1:200) for 2 h at room temperature. Finally, the sections were placed on gelatinized glass slides and coverslipped with fluorescent mounting medium (Dako Cytomation).
R E S U L T S
All recorded Mns (n ϭ 54) of the oculomotor nucleus were silent at their resting membrane potential (Ϫ61.6 Ϯ 2.1 mV) and required suprathreshold depolarizing current steps to evoke a sustained firing. Bath application of carbachol (10 M), a cholinergic agonist that is not metabolized by acetylcholinesterase, evoked in all recorded Mns a membrane potential depolarization and a sustained firing discharge. Figure 1 , A and B illustrates the effect of carbachol on the membrane potential for a representative Mn. Carbachol induced a depolarization that triggered action potentials at about 15 mV and continued depolarizing (ϳ18 mV) until the Mn reached a steady firing. Washing carbachol out led to recovery of the resting value. The effect of carbachol on membrane depolarization was similar in all Mns quantified, with a depolarization level of 16.5 Ϯ 0.68 mV (n ϭ 34; those preexposed to TTX, atropine, or DMPP were not included). Figure 1C shows the effect on the firing frequency evoked by bath application of carbachol in a representative Mn. The duration of the first ISIs decreased progressively, leading to an increase in the instantaneous firing frequency (Fig. 1C 1 ) , until it reached a stable level (Fig. 1C 2 ) . The time course of this response was well fitted to a single exponential (r Ͼ 0.9) with a time constant of 0.66 min and a firing in the steady state of 27 spikes s Ϫ1 (Fig. 1C) . The exponential increase in the firing frequency evoked by carbachol was a general feature for all Mns quantified (n ϭ 34), showing a time constant of 0.59 Ϯ 0.1 min and a steady firing of 23.3 Ϯ 1.8 spikes s Ϫ1 . After the carbachol was washed out, the firing frequency decreased progressively until it ceased (Fig. 1C) . In addition, nonsignificant changes were found in the input resistance between the Mns (n ϭ 6) in control condition (65.9 Ϯ 5.6 M⍀), control condition-TTX (62.4 Ϯ 7.1 M⍀), and then exposed to carbachol-TTX (71.2 Ϯ 6.2 M⍀) (not illustrated).
To elucidate the postsynaptic nature of the effects of carbachol on oculomotor Mns, the brain slices were exposed to TTX (1 M). This drug abolishes action potentials and thus the synaptic transmission from premotor circuit interneurons targeting the Mns. Bath application of carbachol evoked a depolarization of 16.5 mV for a representative Mn, which slightly decreased by 1.8 mV when the slices were also exposed to TTX ( Fig. 2A) . We also checked the effect of the premotor circuits in the present study, first measuring the level of depolarization (15.2 mV) evoked by carbachol in another oculomotor nucleus Mn and then washing with normal ACSF. The same Mn was exposed to TTX, which did not produce any modification in the resting membrane potential, and then to carbachol (Fig. 2B) , evoking a depolarization of similar magnitude (13.4 mV). Similar findings were recorded in other Mns (n ϭ 3). These experiments demonstrated that carbachol produced its effects through the activation of cholinergic receptors located in the oculomotor nucleus Mns.
The electrical microstimulation of the medial longitudinal fasciculus region close to the boundaries of the oculomotor nucleus (Fig. 3A) evoked an excitatory postsynaptic potential (EPSP) in the recorded Mns (n ϭ 5). The increase of current intensity led to a graded increase in the amplitude of EPSPs. EPSPs showed a delay of 2.3 Ϯ 0.26 ms in relation to the stimulus onset (Fig. 3B) . These EPSPs were accepted as monosynaptic based on the criteria of brief (Ͻ3 ms) and constant latencies, irrespective of the intensity of the electrical stimulation. Bath application of atropine, an antagonist of muscarinic receptors, produced a mean decrement of 34.5 Ϯ 4.9% in the amplitude of EPSPs in all studied Mns (Fig. 3C) , showing that this excitatory monosynaptic potential evoked in the oculomotor nucleus Mns was in part cholinergic.
As shown in Fig. 1 , carbachol evoked both a membrane potential depolarization and a sustained firing discharge. We wondered to what extent firing discharge was dependent on membrane potential depolarization. Figure 4A illustrates a record of a representative Mn exposed to carbachol and then, when depolarization and firing frequency were stable, injected with hyperpolarizing DC until the value of resting membrane potential was recovered. The Mn was silent (as was each one before carbachol exposure) at its resting membrane potential (Fig. 4, A and B, part 1) . During bath application of carbachol, the membrane potential was depolarized and evoked a repetitive sustained firing of about 21 spikes s Ϫ1 (Fig. 4 , A and B, part 2). When the Mn was brought to its previous membrane potential, the firing continued, although the frequency was lower (ϳ10 spikes s Ϫ1 ; Fig. 4 , A and B, part 3). All Mns studied in this procedure (n ϭ 14) showed a similar response. They were silent at their resting potential before carbachol application, but discharged at 14.2 Ϯ 0.9 spikes s Ϫ1 on returning membrane potential to the precarbachol values. These data demonstrated that carbachol exposure diminished recruitment firing threshold.
We have previously classified the Mns with sustained discharge into types I A and I B , based, at least in part, on the characteristics of the AHP (Nieto-Gonzalez et al. 2007 ). The I A Mns showed a single deep AHP (Fig. 5A, inset) , whereas I B Mns showed an early fast AHP and delayed slow AHP. In addition, an afterdepolarization phase was observable in I B Mns (Fig. 5B, inset) . The firing frequency and AHP of the I A (n ϭ 7) and I B (n ϭ 5) Mns were compared at similar levels of membrane potential depolarization evoked by either intracellular current steps (control) or carbachol (Fig. 5, A-D) . The membrane potential response of I A and I B Mns to carbachol application was similar (I A ϭ 17.2 Ϯ 0.8 mV; I B ϭ 16.3 Ϯ 1.2 mV). Bath application of carbachol evoked similar sustained spiking in I A and I B Mns and both were higher (I A ϭ 19.3 Ϯ 2.9 spikes s Ϫ1 ; I B ϭ 21.9 Ϯ 3.8 spikes s Ϫ1 ) than those evoked by intracellular current steps (I A ϭ 12.9 Ϯ 1.5 spikes s Ϫ1 ; I B ϭ 13.2 Ϯ 0.8 spikes s Ϫ1 ). The effects of the drug were also similar on AHP duration and amplitude into I A and I B Mns (Fig. 5, E and F) , in which the values of duration and amplitude of the AHP were significantly higher in the control condition (78.6 Ϯ 5.4 ms and 8.2 Ϯ 0.6 mV) than those during exposure to carbachol (53.8 Ϯ 6.7 ms and 5.9 Ϯ 0.8 mV).
The repetitive-firing properties evoked by equal depolarizing current steps before (control) and during bath application of carbachol (in this latter condition, the Mns were hyperpolarized to restore the membrane potential prior to carbachol treatment) were also quantified. As shown in Fig. 6A for a representative Mn, the number of spikes was higher in presence of carbachol. Thus in the case illustrated in response to 0.2 nA of injected current, the Mn exhibited 11 spikes in the control condition and 20 spikes when exposed to carbachol. In fact, the firing frequency was significantly higher in the studied Membrane potential contribution to the firing frequency in Mns of the rat oculomotor nucleus exposed to carbachol (10 M). A: electrophysiological recording of an Mn exposed to carbachol and then repolarized to its resting membrane potential by hyperpolarizing DC. B: details of 3 intervals (1, 2, and 3) indicated in A. It should be noted that the same Mn was silent at rest before (1) carbachol application and spiked during carbachol exposure at rest (3).
Mns (n ϭ 12) exposed to carbachol than in the control condition, irrespective of the current intensity (Fig. 6B) . Additionally, the I-F plots in both control and carbachol-exposure condition showed that, above recruitment threshold, all Mns exhibited a good linear relationship (for the representative Mn illustrated in Fig. 6C , r ϭ 0.99, P Ͻ 0.0001). These plots also show-consistent with the above-cited data-that Mns exposed to carbachol had a lower recruitment threshold (see arrow) and fired at higher frequency than control through the whole range of current stimulation. The I-F gain values were lower when the Mns were exposed to carbachol (Fig. 6C) . Because we did not find any significant difference in current threshold and I-F gain between I A and I B Mns, all data were pooled. Figure 6D shows I-F relationships of all studied cases: carbachol-exposed Mns showed a lower current threshold (0.1 Ϯ 0.02 nA) than that of control (0.41 Ϯ 0.03 nA) and lower I-F gain (carbachol ϭ 54.8 spikes s Ϫ1 nA Ϫ1 ; control ϭ 66.1 spikes s Ϫ1 nA Ϫ1 ). These differences were significant. Since the recordings were carried out at room temperature (21 Ϯ 1°C) and could yield qualitatively different results at more physiological temperatures, an additional set of experiments was performed at 33 Ϯ 1°C (n ϭ 6). In this condition, carbachol evoked a membrane potential depolarization of 12.8 Ϯ 1.5 mV and a sustained firing of 15.9 Ϯ 2.8 spikes s frequency of 11.2 Ϯ 2.5 spikes s Ϫ1 . Carbachol-exposed Mns also showed a lower current threshold (0.2 Ϯ 0.04 nA) than that of control (0.47 Ϯ 0.03 nA) and lower I-F gain (carbachol ϭ 38.5 Ϯ 4.2 spikes s Ϫ1 nA Ϫ1 ; control ϭ 45.7 Ϯ 3.5 spikes s Ϫ1 nA Ϫ1 ). In short, the results were not qualitatively different from those obtained at room temperature.
Cholinergic receptors involved in firing modulation
Carbachol is a general agonist of cholinergic receptors (muscarinic and nicotinic); therefore we carried out some experiments to determine the contribution of the different cholinergic receptors to the firing rate of Mns. To elucidate the effect of muscarinic receptors, we performed five different experiments (n ϭ 15). The Mns (n ϭ 3) were exposed to carbachol and then we applied atropine (1.5 M) as a muscarinic antagonist. Even though the brain slices were exposed to carbachol, bath application of atropine completely blocked the carbachol-evoked depolarization and the repetitive firing (Fig. 7A) . The blockage of firing with atropine was shorterlasting than that produced by washing carbachol out with ACSF. Second, we treated the brain slices with atropine and then carbachol (n ϭ 3; not illustrated). In these assays, the Mns maintained the level of the resting membrane potential and remained silent. Third, in some cases (n ϭ 3; not shown), we studied the response to bath application of DMPP (10 M), a nicotinic agonist, and found that Mns remained silent. However, when the same Mns were exposed to carbachol, this evoked a similar response to that shown in Fig. 1 . Fourth, we compared (n ϭ 3) the firing discharge evoked by carbachol with that produced by muscarine (10 M) in the same Mn. As shown in Fig. 7B , the two procedures evoked indistinguishable responses: both led the Mn to discharge at about 25 spikes s Ϫ1 in its steady state. In addition, the temporal courses of the rise in firing frequencies were exponentially fitted (r Ͼ 0.9) with similar time constants in response to carbachol (0.74 min) and muscarine (0.76 min). Fifth, bath application of atropine (n ϭ 3) similarly blocked the muscarine-evoked firing discharge to carbachol (Fig. 7B) . Together, these results demonstrated that in the oculomotor nucleus Mns, the cholinergic receptors involved in the modulation of the firing rate are muscarinic.
The presence of muscarinic receptors M 1 and M 2 was investigated. The procedure was bath application of carbachol, after which we added either pirenzepine (2 M), as an antagonist of M 1 receptors, or methoctramine (5 M), as an antagonist of M 2 receptors. As control, before and after application of these antagonists, the firing frequency evoked by carbachol was routinely determined. Figure 7C illustrates the firingfrequency plot of an Mn exposed to carbachol and then pirenzepine. As shown, the firing discharge evoked by carba- A: firing discharge evoked by equal current steps in an Mn in control condition and then exposed to carbachol (10 M). B: histogram showing the firing frequency evoked by equal-current steps in control and carbachol-exposed Mns. Asterisks indicate significant differences. C: firing frequencycurrent (F-I) relationship in a representative Mn in control condition and then exposed to carbachol. Arrow indicates that carbachol decreased the recruitment threshold of the Mn, which discharged at rest with a rate of 12 spikes s Ϫ1 . D: linear relationships between firing frequency and current obtained in Mns before (control) and during carbachol application. F gain and I thr are the mean of F-I gain and current threshold, respectively, for all recorded Mns. chol was completely blocked by pirenzepine application. A similar response was obtained in two additional Mns; i.e., the firing discharge (23.3 Ϯ 2.8 spikes s Ϫ1 ) in carbachol-exposed Mns became silent by pirenzepine. We also studied the role of the M 2 receptors in the firing of the oculomotor nucleus Mns. The mean firing discharge of three Mns tested was 20.5 Ϯ 3.1 spikes s Ϫ1 and decreased to 15.5 Ϯ 3.3 spikes s Ϫ1 following metoctramine application (Fig. 7D) . These two results indicate a greater role of M 1 receptors in the modulation of repetitive firing in the oculomotor nucleus Mns.
The combination of electrophysiological and pharmacological studies indicated the presence of M 1 and M 2 receptors in the oculomotor nucleus Mns; we performed experiments to reveal them by immunohistochemical procedures. The specificity of the antibodies was tested by Western blot. Proteins separated from rat brain samples containing the oculomotor nucleus and incubated in the solution containing the primary antibodies stained a single protein band at about 66 kDa in blots for either M 1 or M 2 receptors (Fig. 8A, lanes 1 and 4) . The specificity of these antibodies was validated using positive control (lanes 2 and 5) with a colon tumoral cell line that overexpresses M 1 and M 2 acetylcholine receptors acting in an autocrine manner (Eglen 2006) . As negative control (lanes 3  and 6) , the antibodies were preadsorbed with the appropriate immunogen before proceeding as described earlier. A large number of cell bodies confined to the oculomotor nucleus were intensely positive for M 1 receptors, the tissue background of which was scarce. Both confocal laser and bright-field microscopy showed that such labeling was chiefly intrasomatic (Fig.  8, B and C) . In contrast to the case of M 1 staining, the number of cells immunoreactive for M 2 was small; the labeling outlined cell somata (Fig. 8, D-F, arrowheads) and abundant rounded and filiform structures that could have been dendrites sectioned in the transverse and sagittal planes, respectively (Fig. 8, D and E, arrows) .
D I S C U S S I O N
We have demonstrated for the first time that physiological properties of the oculomotor nucleus Mns are under the control of cholinergic inputs. Bath application of carbachol produced in these Mns membrane potential depolarization, an increase in firing frequency, and a decrease in both recruitment threshold and I-F gain. These effects were mediated via muscarinic receptors. We will discuss these results in relation to those reported in other neuronal pools, including the conductances underlying such muscarinic modulation, and will interpret them in the context of the discharge pattern reported in alert preparation.
Technical considerations of the method
Temperature lower than physiological is routinely used for experimentation in vitro Carrascal et al. 2006; Magarinos-Ascone et al. 1999; Sawczuk et al. 1995; present data) . Reduced temperature may enhance slice viability, but cooling slows ionic conductance kinetics (Thompson et al. 1985) . Since our recordings were carried out at room temperature, we assessed such effect with a few recordings at 33 Ϯ 1°C. In this latter condition, the results reported here remained qualitatively unaltered.
Excitability of oculomotor nucleus Mns depends on cholinergic inputs
Bath application of the cholinergic agonist carbachol yielded a membrane potential depolarization in all recorded Mns. notion that this response was attributable to the activation of cholinergic receptors of the Mns. Depolarization in response to cholinergic agonists is a common characteristic reported in hypoglossal and spinal Mns (Alaburda et al. 2002; Chevallier et al. 2006; Lape and Nistri 2000; Miles et al. 2007 ) and neurons of different nuclei (Klink and Alonso 1997a,b; McQuiston and Madison 1999; Navarro-Ló pez et al. 2004; Nuñ ez et al. 1997; Yajeya et al. 1997) . Membrane depolarization has been attributed to suppression of various K ϩ currents (Krnjevic 1993) , activation of Ca 2ϩ -dependent or -independent nonselective cationic conductance (Fisahn et al. 2002; Honda et al. 2003; Klink and Alonso 1997b; Yajeya et al. 1999) , and activation of the mixed Na ϩ /K ϩ current I h (Fisahn et al. 2002) . In addition, the blocking of a conductance responsible for an outward current and the activation of a conductance responsible for an inward current could contribute to maintaining the values of input resistance (McQuiston and Madison 1999) . Similar mechanisms could also be underlying the responses in oculomotor nucleus Mns exposed to carbachol, but the current data do not permit assessment of the relative contributions of any of these potential mechanisms.
Since the decrement in recruitment threshold in carbacholexposed Mns was not led by an increase in the input resistance, we suggest that the activation of cholinergic receptors (muscarinic in nature; see following text) modulates conductances underlying the threshold of spike generation. In agreement with this proposal, it has been reported in other neuronal pools that a cholinergic agonist reduces the threshold of the current required for spike generation (Fernández de Sevilla et al. 2006) and could modulate action potential generation by modification in the fast and persistent Na ϩ currents underlying spiking (Cantrell and Catterall 2001; Franceschetti et al. 2000) . On the other hand, firing frequency increased in the presence of carbachol in oculomotor nucleus Mns. Similar results have been reported in other populations (Alaburda et al. 2002; Brown and Yu 2000; Chevallier et al. 2006; Fernández de Sevilla et al. 2006; Miles et al. 2007 ). There is general consensus that activation of muscarinic receptors produces an increase in firing frequency by diminishing calcium-dependent potassium conductance and I M current modifying AHP. These conductances could be participating to determine the firing discharge of the oculomotor nucleus Mns.
The neuromodulators can alter both the I-F gain and its threshold for repetitive firing and the distinction between these two mechanisms is blurred (Binder et al. 1993) . In oculomotor nucleus Mns, the I-F gain was lower in the carbachol condition; the diminishing in this parameter would lead to a decrease in excitability. In contrast, the effect of carbachol on recruitment threshold and putatively on AHP would lead to an increase of excitability. Since the firing rate is the output of the Mns-and it was higher in response to equal-current steps in the carbachol condition-we conclude that activation of cholinergic inputs leads to a net balance that increases the excitability in oculomotor nucleus Mns.
Acetylcholine could exert control over excitability via muscarinic and/or nicotinic receptors and their involvement depends on the neuronal population (Alaburda et al. 2002; Chamberlin et al. 2002; Chevallier et al. 2006; Lape and Nistri 2000; Miles et al. 2007; Zaninetti et al. 1999) . Muscarinic excitatory actions were mediated by M 1 receptors in neurons of the prepositus hypoglossi nucleus (Navarro-López et al. 2004), whereas M 2 receptors increased the excitability of medial vestibular nucleus neurons and spinal Mns (Miles et al. 2007; Sun et al. 2002) . According to present data, acetylcholine acts on the oculomotor nucleus Mns via muscarinic (in particular M 1 ) receptors.
Muscarinic control of the oculomotor nucleus Mns: functional implications
Alert studies have reported that ocular Mns show a covariation between recruitment threshold and eye-position sensitivity (K), which could depend on intrinsic membrane properties, synaptic inputs, or a combination of the two (Dean 1997) . The recruitment order has been strongly correlated with size in spinal Mns (the so-called size principle; see Mendell 2005 for a recent review). The size principle dictates the order of recruitment, small Mns being recruited before large ones, and the crucial property determining systematic differences in recruitment is the input resistance. In trochlear Mns of the turtle, it has been reported that spiking in Mns of higher input resistance is recruited earlier (Jones and Ariel 2008) . In oculomotor nucleus Mns of mammals (Nieto-Gonzalez et al. 2007) , we have found a poorly fitted linear regression between cell size and input resistance and a weak relationship between input resistance and I-F gain. These results are consistent with those of alert studies, which reported a weak relationship between size-inferred from the latency to elicit a spike antidromically-and slope K (Delgado-García et al. 1986; Pastor and Gonzalez-Forero 2003) or did not find any relationship (Fuchs et al. 1988 ). Therefore we conclude that the size principle has to be tempered in its contribution to firing rate gain.
We assume that in the slice preparation, the oculomotor nucleus Mns are primarily deafferented and tonic synaptic inputs do not exert any significant influence. We also assume that I-F gain mimics K and that the threshold of the current to evoke a steady tonic response in slice preparation mimics eye-position threshold, in which the Mn begins to discharge in a sustained manner in alert preparation. In slice preparation, we have previously found an inverse relationship between current threshold and I-F gain; i.e., Mns with lower current threshold have higher gain (Nieto-Gonzalez et al. 2007 ). These results are opposite to those reported in alert preparation. Therefore we ruled out intrinsic membrane properties as determining alone the covariation between recruitment threshold and K reported in behaving animals. In the present work, the tonic activation of cholinergic inputs produced a decrease in current threshold and I-F gain relative to control, even though input resistance remained unaltered. These responses resemble the physiological evidence obtained in alert preparation showing that Mns with lower recruitment threshold also have lower eye-position sensitivity. In conclusion, present results support the notion that recruitment threshold and I-F gain depend primarily on synaptic inputs in ocular Mns.
Contribution of the cholinergic synaptic inputs to tonic discharge
Short electrical stimulations applied near the boundaries of this nucleus, close to the medial longitudinal fasciculus, evoke an excitatory postsynaptic potential (EPSP) in the Mns. This EPSP decreased by about 30% in amplitude when atropine was applied. Therefore acetylcholine cannot be considered the only neurotransmitter involved in the EPSP and probably excitatory amino acids like glutamate and/or aspartate are also involved (Carpenter et al. 1992; Nguyen and Spencer 1999; Spencer and Wang 1996) . Binder and colleagues (1993) raised the query of how the concurrent activation of more than one synaptic input system affects motor output. Present findings lead to a similar question in the ocular Mns. The question is whether the depressive effects of cholinergic inputs on I-F gain would be sufficient to explain the covariation reported in awake preparation between eye-position threshold and K. Applying carbachol, we obtained a variation from 66.1 spikes s Ϫ1 nA Ϫ1 control to 54.8 spikes s Ϫ1 nA
Ϫ1
; this change seems to be weak with respect to the equivalent reported in vivo (in most of the data the range was about fivefold in monkeys; Fuchs et al. 1988 ). According to this comparison, and even though the preparation and species are different, the doubt is raised of whether the cholinergic inputs are sufficiently powerful to generate the in vivo effects. As already mentioned, it may be that other neurotransmitter systems (such as the excitatory amino acids) also contribute. In other words, the weight of cholinergic synaptic inputs to the decrease in recruitment threshold and firing rate gain in the context of excitatory neurotransmission to the oculomotor nucleus Mns remains to be clarified.
The eye-position signals in the prepositus hypoglossi neurons are the result of the combined action of paramedian pontine reticular formation neurons, whose monosynaptic excitatory projections are glutamatergic in nature, and the facilitative role of cholinergic terminals (Delgado-García et al. 2006) . The cholinergic interactions with glutamatergic transmission may also be present in the Mns of the oculomotor nucleus. It may be hypothesized that in alert preparation the oculomotor nucleus Mns belonging to the low-threshold/low-K group would receive a tonic cholinergic input, whereas those Mns of the high-threshold/high-K group would not. These differences could be underlying the proposal that Mns recruited earliest-those with the lowest thresholds, exerting minimal force-have a more shallow I-F gain than that of Mns recruited later, exerting considerable force (Fuchs et al. 1988) .
